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This paper presents a novel type of compact inline coaxial to ridge gap waveguide (RGW) transition, which covers the whole Ka
frequency band. The structure connects with the connector's inner conductor through a rectangular probe directly. The probe is set
in nail bed without any extra parts. Hence, a simple and compact transition comes to fruition at the circuit topology level. This
transition can be considered as an inhomogeneous stripline, so the characteristic impedance can be analyzed similarly to the
stripline. Beyond this, a mounting hole is drilled at rectangular probe to improve the robustness and convenience of assembly
without welding or conductive adhesive bonding. To verify the performance of the proposed structure, a back-to-back transition is
designed, fabricated, and measured. Measurement results achieve better than 20 dB return loss and about 0.15dB insertion loss
from 26.4 GHz to 40.4 GHz. It corresponds greatly with simulation results and bespeaks valuable in millimeter-wave applications.

1. Introduction

Hollow metal waveguide has been extensively used during the
past few decades in radio frequency, especially in high power
and low loss transmission circuits. The reason for the good
performance is that the electromagnetic wave is enclosed in
a metal cavity, and the dielectric along Poynting vector is air
only. To combine the hollow waveguides to the final configu-
ration, the different modules should always be manufactured
separately and connected through screws or welds. But gaps
and mismatches in the junction tend to worsen performance.
These methods add complexity to the design and fabrication
process and can be difficult to implement [1].

RGW technology was developed in [2, 3] to overcome
the drawbacks of traditional waveguides [4]. It is based on
the concept of artificial soft and hard surfaces in electromag-
netics [5, 6], and the theories of it were presented in [2]. In
RGW technology, an artificial magnetic conducting (AMC)
surface, which is conveniently established by a bed of nails,
is placed on either side of the metal ridge. The bed of nails
is a development of soft and hard surface theory. As same
as perfectly electric conducting (PEC) and perfectly mag-
netic conducting (PMC) strip grid in ideal soft and hard sur-

faces, it can mimic an anisotropic boundary conditions [7].
Waves of arbitrary polarization are allowed to propagate
along the strip at the hard surface case and waves are
stopped to propagate in other directions at the soft surface
case [2]. The advantages of RGW can be described as wide
broadband, low insertion loss, and self-package and can be
easily integrated with other microwave chips or circuits.

Since it has the advantages mentioned above, many
researchers have focused on its applications in recent years,
such as antenna arrays [8, 9], power dividers [10, 11], diplex-
ers [12, 13], and filters [14]. To connect the above modules
or measure the performance of those devices, a transition
between RGW and other conventional guiding structures,
such as commercial coaxial connector or WR-28 waveguide,
must be designed [15]. Since the commercial WR-28 wave-
guide always converts signal from coaxial to waveguide first,
using a coaxial probe directly can simplify the structure and
reduce cost. In [16], a bandwidth of 26% at 10 dB is achieved
using the proposed transition covering a frequency range of
22,5 to 29GHz. A wideband coaxial to RGW transition
based on five sections of matching networks is introduced
in [17], which can cover from 10 to 23 GHz with a very small
reflection and low insertion loss.
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Vertical transition is used in all of above structures. But in
many situations, a horizontal transition is desired. In [18], a
horizontal microstrip line to RGW transition using defected
ground slot with 45% bandwidth in Ku-band is introduced.
In [19], an ultrawideband inline coaxial to single ridge wave-
guide transition achieves better than 15dB return loss from
11.5 to 33GHz. Compare with [18], this sort of structure does
not require more headspace. But both of them use an extra
part, which connects a 2.92 mm coaxial connector to a single
ridge waveguide or a microstrip line before feeding the
RGW. One common reason to avoid connecting coaxial con-
nector with RGW directly is that this kind of transition is
always responsible for limiting the bandwidth. This limitation,
in many cases, is about one-third of the original unit cell band-
width [17]. But for most applications, an ultrawideband is not
necessary. Other properties, such as return loss, insertion loss,
and dimension are also of concern.

Therefore, a compact horizontal coaxial to RGW transi-
tion is proposed in this article. The study find that an extra
match part is unnecessary even if the running gamut of the
device is the whole Ka-band. The advantage of connecting
directly is that the complexity of manufacture and assembly
can be appropriately reduced. Furthermore, the proposed
structure is more robust in comparison to indirect connec-
tions. A back-to-back structure is designed to verify the fea-
sibility of the proposed approach. Measurement and
simulation are in accordance. It is shown that this kind of
transition can easily be used in the system with a tight size
requirement, which operates within the Ka-band.

2. RGW Structure Design and Simulation

The structure which is given in Figure 1 is possible to build a
high-impedance surface in a broad bandwidth. As the tran-
sition focus on Ka-band, the band-gap range is designed
from about 23 to 43 GHz. Pin height h initial dimension is
approximately equal to 0.251, (A, is the wavelength in cen-
ter frequency), and any top view of the pin is square because
the surface anisotropy does not add any direct advantage for
application in RGW [20]. The initial dimensions of unit
period p and pin width a can also be obtained according to
(20]. The air gap g can be estimated by f,,, = c2(h+g)
[21]. The final g is optimized to 0.4 mm because the capaci-
tance between the pin and top conductor increases with g
decrease, which results in a wider bandgap [10, 22].

The simulated results of straight RGW are shown in
Figure 2, in which §,; is below -25dB and S,, is better than
-0.06 dB in Ka-band that can be observed. The initial strip
width w can be figured by the formula in (1) to implement
RGW which has a 50-Q characteristic impedance.
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FiGUure 1: Design dimensions of RGW and dispersion diagram.
Parameters: g=0.4mm, a=13mm, h=22mm, hl=18mm,
p=3mm, w=1.8mm, d=2.5mm.

0

-10

=201

S-parameter (dB)

-30T

-40T
20 25 30 35 40 45
Frequency (GHz)
—=— S|
—o— Sy,

FIGURE 2: The S-parameters of straight RGW.

3. Design and Analysis of the Transition

3.1. Transition Structure Design. The proposed transition is
shown in Figure 3. It is excited by coaxial connector, which
has standard 50-(2 characteristic impedance. The inner con-
ductor diameter is 0.3 mm. It is inserted into a mounting
hole, which has a e3 diameter. The mounting hole compen-
sates for assembly problem caused by tolerances in the
length of the inner conductor.

To ensure 50-Q characteristic impedance of coaxial line
which constitute by the inner conductor of the connector
and the probe via, R is designed as 0.69 mm. It can be calcu-
lated from the coaxial line impedance formula.
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FIGURE 3: Structure and simulation results of the proposed transition. (a) Dimensions of the proposed transition. (b) Distribution of electric
field on the transition structure. (c) Electric field lines of rectangular probe and stripline. (d) The simulation model and S-parameter
results. Parameters: [=2.1mm, v=3.14mm, b=0.52mm, t=0.3mm, c=0.3mm, r=0.5mm, el = 1.06 mm, €2 =0.6 mm, €3 =0.3 mm,

and e4 = 0.9 mm.

The initial dimension [ can be designed as 0.25A.. To
enforce the electric field to upper ridge and weaken the elec-
tric at the bottom, a groove is added at the front of transi-
tion. This groove forms a rectangular probe with thickness
and length of b and el, respectively. The electric field distri-
bution is shown in Figure 3(b). But as shown in Figure 4, the
impedance matching performance is not acceptable even
after optimization. To further reduce the capacitance
between the rectangular probe and the side wall, a chamfer
is placed at the most intensive electric field. It can intensify
the resonance at high frequency.

Figure 3(c) shows the side view and electric field lines of
the rectangular probe and the stripline. The front end of this
probe is wrapped in dielectric on both the top and bottom
sides. The electric field distributes between the top side of
the probe and the metal cover, and the bottom side of the
probe and the ground. It constitutes a kind of inhomogene-
ous stripline and has a very similar performance to the stri-
pline. So the initial rectangular probe width v can be worked
out by this modified stripline formulation (2). In tradi-
tional formula for the characteristic impedance of stri-
pline, the thickness of the dielectric is considered as the
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FIGURE 4: The effect of the chamfer on §;; of transition.

distance between both ground planes. But in this design,
the intensity of the electric field at the ground plane is
negligible. It can be observed in Figure 3(b). So the thick-
ness of the dielectric should be changed to twice the
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FI1GURE 5: The Smith chart and S-parameters simulated results of b and el with different parameters. (a) The thickness of the rectangular
probe b. (b) The length of the bottom of the rectangular probe el. (c) The width of the rectangular probe v.
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FIGURE 6: Simulated results of e2 and e3 with different parameters. (a) The diameter of cylindrical stiffener e2. (b) The diameter of the

mounting hole e3.

distance between the metal cover and the probe, plus the
thickness of the probe. Since the electric field transmits in
air, the dielectric constant ¢, = 1. The width v can be cal-
culated equal to 3.06mm, and the final parameter is
3.14mm after optimization.

307 2(g+h—-h1)+b
Zy=— - . (2)
V& v+0.441[2(g+h—hl) + b

The return loss below 20dB from 22.75 to 43.66 GHz
can be achieved. It can cover the whole Ka frequency
band, and the insertion loss is less than 0.06dB, as can
be observed in Figure 3(d).

3.2. Analysis of Key Parameters. It can be seen from
Figure 3(b) that the electric field is mainly concentrated on
the rectangular probe, so the dimensions of the rectangular
probe will significantly affect the performance of the
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F1GURE 7: Evaluation of the effect of the tolerances. The inset illustrates the offsets rather than the design dimensions. (a) Evaluation of the
effect on the distance between the metal cover and the ground. (b) Evaluation of the effect on the slit between the metal cover and the
sidewall. (c) Evaluation of the effect on the misalignment of the coaxial probe. (d) Evaluation of the effect on the height of pins.

transition. The essence of the design is to optimize the series
capacitance between the rectangular probe and side wall, and
the parallel capacitance between the rectangular probe and
ground. Figure 5(a) shows the parallel capacitance between
the rectangular probe and ground scale up with the distance
shrinkage at the center frequency. At the same frequency, this
capacitance has a positive correlation with the area between
the bottom side of the rectangular probe and the ground as
Figure 5(b) shows. The change of parameters also varies the
resistance mainly at both ends of the frequency, and they have
opposite trends. The change of b affects the high-frequency of
S-parameters largely, while el has a role in the entire fre-
quency band. Figure 5(c) shows the width of the rectangular
probe effect characteristic impedance at the center frequency.
The reason is that the probe can be concerned as an inhomo-
geneous stripline. It displays a similar changing trend with
stripline, which is the characteristic impedance turn down
with the width increase.

As the thickness b of the rectangular probe is only
0.52mm after optimization, a cylindrical stiffener that has
a diameter e2 equal to 0.6 mm is placed to reinforce this
structure to fulfill the requirement of a computer numeri-
cally controlled (CNC) technology. Figure 6 shows when
the diameter e2 of cylindrical stiffener beyond 1 mm will
deteriorate the S-parameter performance to above -20dB.

In addition, S;; is apt to worse with an increase in e3 because
of poor contact. Therefore, the tolerance of e3 should be
controlled as 0.3;%! to ensure that S}, is better than -20 dB.

3.3. Tolerance Analysis. The effect of different manufactur-
ing and assembly errors will be evaluated in this section.
To discuss the effect of crucial and subordinate parameters
of manufacturing and assembly, four parameters are
selected.

Firstly, the crucial assembly parameter is the distance
between the cover and the ground. It is because this param-
eter will change the capacitance between the transition and
metal cover. To evaluate the effect of this air gap, the dis-
tance has been swept around the nominal value. The results
are shown in Figure 7(a). The return loss will be worse than
20dB when the deviation is over -0.04 mm, and the band-
width will tape to less than 13.5 GHz when the deviation is
over 0.04 mm. Figure 7(b) shows another crucial parameter
of manufacturing, which is the length of the metal cover.
The reason is that the electric field at the edge of the metal
cover is dramatically more intensive than in other places.
When a 0.02mm slit appears between the cover and side-
wall, the degradation of return loss is unacceptable. Consid-
ering the capability of CNC and the requirement of the
transition’s performance, the tolerances of crucial
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FiGURre 8: Photographs of the back-to-back transition and measurement results. (a) Transition before assembly. (b) Transition after
assembly. (c) Setup and results of the measurement of the assembled transition. (d) Measurement and simulation results.

parameters should be controlled at least as +0.02 mm in Ka-
band. In this work, these tolerances are controlled as
+0.01 mm.

In addition, the misalignments of the coaxial probe have
been displayed in Figure 7(c). When the offset reaches
0.07 mm, either §;; or the bandwidth is unsatisfactory. It is
mainly because of the lost of symmetry for the coaxial trans-
mission line. Finally, in any cases shown in Figure 7(d), the
return loss is below 20dB in operation band. It can be
observed that when the height of the pin is swept around
the nominal value, the transition behavior remains hardly
unaffected. Therefore, the dimensions of the pins are subor-

dinate to manufacturing. [23] has also discussed this phe-
nomenon. In a word, the tolerances of subordinate
parameters can be controlled as +0.05mm. In this work,
these tolerances are controlled as +£0.03 mm.

4. Measurement Results

In order to test the performance of the proposed structure, a
back-to-back transition module is realized by CNC technol-
ogy. Back-to-back measurements are widely used for similar
transitions. The reason for this setup can be explained by the
symmetrical structure of the back-to-back transition. It is
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TaBLE 1: Dimensions of the transition.

Parameter Description Design (mm) Fabricated (mm)
a Pin width 1.3 1.29

h Pin height 22 2.18

p-—a Pin gap 1.7 1.71

g+h Cover-to-ground length 2.6 2.59

v Rectangular probe width 3.14 3.13

b Rectangular probe thickness 0.52 0.51

e2 Cylindrical stiffener diameter 0.6 0.57

h1 RGW height 1.8 1.8

w RGW width 1.8 1.83

TaBLE 2: Comparisons with related works.

Ref. Freq (GHz) Insertion loss Return loss Structural complexity Size (Ixwxh) (A.) Extra part
[17] 10-23 78.8% =0.15dB >18dB  Five step matching + three step back cavity =~ 2.3x0.89x0.14 Yes
[18] 11.8-18.8 45.8% =0.5dB >10dB Microstrip line + three step matching 1x1.3x0.28 Yes
[19] 15-40 90.9%  =0.2dB (Sim) >15dB Rectangular probe + cavity + screws 2.3x0.89x0.48 Yes
This work 26.4-40.4 41.9% =0.18dB >20dB Rectangular probe 0.27x0.35x0.2 No

convenient to measure the performance, such as insertion
loss, of the entire DUT after calibrating the vector network
analyzer (VNA) to evaluate the performance of a single side.
All components of the real object before and after assembly
are shown in Figure 8. Two dowels on each side wall are
installed to ensure that the center of the probe is aligned
with the center of the mounting hole. They are all fabricated
from aluminum and connected by fixing screws. It is not
necessary to weld or use conductive adhesive to assemble
the connector and the transition.

This measurement is done using Agilent Technologies
E8361A VNA as shown in Figure 8(c). The effect of connectors
has been calibrated. As shown in Figure 8(d), the measured S,
is better than -20 dB in 26.4-40.4 GHz. The fluctuation of S, is
from -0.09 dB to -0.26 dB in the same frequency band as above.
Compare with measurement, the fluctuation of S, is from
-0.08dB to -0.11dB in simulation. A typical value of group
delay response of measurement and simulation is 136.9 ps and
121.8ps at 33GHz. There is about a 0.9 GHz bandwidth
decrease in measured S;; and a 0.08 dB worsen in S}, than sim-
ulated. The worst value of simulation and measurement of S,
in the whole Ka-band is -23.02 dB and -20.65 dB, respectively.
This value is deteriorated by 2.37 dB.

These differences have some common reasons. Firstly,
the surface roughness cannot be exactly estimated in soft-
ware. Furthermore, tolerances are introduced in the
manufacturing process, and inaccurate alignment during
assembly can cause differences in results. Some dimensions
of the transition can be seen in Table 1. The measurement
is done using 3D Family NV300 3D vision measuring instru-
ment. These dimensions are able to meet the aforemen-
tioned tolerance requirements, so the deterioration of S;; is
in an acceptable range.

A comparison with related works is summarized in
Table 2. The designed transition offers the most simple
structural complexity and the best performance of return
loss without any extra part. Note that the insertion loss level
is assessed for double transition and includes the transmis-
sion line which connects the double transition in [18] and
this work. In [17, 19], the back-to-back transitions are con-
nected directly without a transmission line, and the insertion
loss in [19] is the simulation result.

5. Conclusion

This article presents a new type of compact horizontal coax-
ial to RGW transition. The features of the developed design
are concise and compact, which cover the entire Ka-band
without an externally independent fitting transition struc-
ture. A reinforcement structure is placed at the forefront of
the rectangular probe, and some key parameters are ana-
lyzed. Measurement results approach a good agreement with
simulations and show the robustness of the capability of this
transition, which can be used in many different sorts of
RGW engineering in the Ka-band.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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